AD-A100 700

UNCLASSIFIED

NAVAL OCEAN SYSTEMS CENTER SAN DIEGO CA F/6 20/6
OETERMINATION OF INTEGRATED OPTICAL THICKNESS OF CLOUDS FROM LU==ETC(U}
OCT 79 M 6 CERUTI

NOSC/TR=470 NL




NOSC TR 470

3

Technical Report 470

=~ DETERMINATION OF INTEGRATED OPTICAL

THICKNESS OF CLOUDS FROM LUNAR
IRRADIANCE MEASUREMENTS

MG Ceruti
15 October 1979

Final Report: 15 June - 15 October 1979

Approved for public release; distribution unlimited

0Lt 41 OSON

0T Fie copy

NAVAL OCEAN SYSTEMS CENTER
SAN DIEGO, CALIFORNIA 92152




Fasc
U

NAVAL OCEAN SYSTEMS CENTER, SAN DIEGO,CA 92152

AN ACTIVITY OF THE NAVAL MATERIAL COMMAND
SL GUILLE, CAPT, USN HL BLOOD

Commander Technical Director
ADMINISTRATIVE INFORMATION

This report was prepared by the author while working for Code 8114, Naval
Ocean Systems Center, San Diego, CA under NOSC CM06. 11402 N, XO 793-SB.
This project was initiated and supported by the eftorts ot Dr MB White of the
Office of Naval Research, Boston, MA and by CDR T Wiener and Dr S Karp of
DARPA STO. Washington, D.C. Gratitude is also extended to blue-green cloud
propagation project manager, KJ Kelley. and to LB Stotts, Dr GC Mooradian. Dr
M Geller, DH Stepliens, Dr RP Bocker, RD Anderson, RF Howarth, R Krautwald.,
and R Reyes of the Naval Ocean Systems Center.

Released by Under authority of
MS Kvigne, Head HD Smith, Head
Communications Rescarch Communications Systems

and Technology Division and Technology Department




UNC! ASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

READ INSTRUCTIONS

REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
T REPORT NUMBER 7 GOVY ACCESSION NO] 3. RECIPIENT S CATALOG NUMBER
NOSC Technical Report 470 (TR 470) - @, /7 j [ﬂ ﬁ J

BUTYPE GE REPORT & PEAIOD COVERED

4. TITLE (and Subtitle) 7
" 7y 1 Final Repest
. -4 paste
DETERMINATION OF INTEGRATED OPTICAL THICKNESS *1 15 June — 15 October 1979

OFgLOUDS FROM LUNAR,!RRADIAN(‘E iﬂEASUREMENTS . R T S ONG. 'Rsy NMBER

: ' L
7 AUTHOR(Ss) B. CONTRACT OR GRANT NUMBER(a)
/- )
MG Ceruti / -
L
N
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. EEB’)EBT, TASK
AREA & WORK 1T NUMBERS
Naval Ocean Systems Center !
y CMOe6, 11402 N,',XO 793-SB
e

San Diego, CA 92152

1 CONTROLLING OFFICE NAME AND ADDRESS © Y12 REPORT OATE }

i /7115 October 1979/

Naval Ocean Systems Center

S~ ." !
- 158 DECLASSIFICATION DOWNGRADING
SCHEDULE

16 DISTRIBUTION STATEMENT rof this Report)

Approved for public release: distribution unlimited.

17 DISTRIBUTION STATEMENT /of the abstract entered in Block 20, if different from Report)

18 SUPPLEMENTARY NOTES

19 KEY WORDS (Continue on revetse aide ({ necessary and identity by dlock number)
Blue-green laser
Clouds
Lunar irradiance
Opt?cul co‘nununicatinn T
Optical thickness e
20 ABSTRACT /Continue or reverae side If necessary and identify by block number) -~
- A procedure is suggested to obtain the etfective optical thickncss@(;m' clouds by measuring the atmospheric
transmission of moonlight both with and without cloud cover.
The optical thickness is calculated from the transmission using a theory of RE Damelson, DR Moore and
JHC van de Hulst (The Transfer of Visible Radiation Through Clouds, J, Atmosph. Sci., 26, 1078 (1969)), later
maoditied by EA Bucher, (Computer Simulation of Light Pulse Propagation for Communications Through Thick Clouds,
Applied Optics, 12, No. [0, p 2391-2400 (1973)). By using a wide field of view receiver to measure the irradiance.
one obtains a spatial averaged value of 7, rather than a point measurement. Therefore, this method of cloud optical
thickness determination may be more reliable than some previously used methods.

L

FORM S
DD | an73 1473 E0ITION OF ¥ NOV 6515 OBSOLETE UNCLASSIFIED
02 . .
© N QTC2LF-014- 6001 SECURITY CLASSIFICATION OF THIS PAGE (When Deta Bntered,

A

.

. S~ 449, - r. s -
San Diego,CA 92152 £ NUMBER OF-Paot P .
T4 WMONITORING AGENCY NAME & ADDRESS(I{ different from Controlling Office) | 15. SECURITY CLASS. (of Mww f9port) 4
o - v . C Unclassi
. PR o . : classified
/o : v VA

K3



CONTENTS

LUNAR IRRADIANCE MEASUREMENTS . . . PAGE 3
Background . . . 3
Technical Introduction . . . 3

THEORY OF OPTICAL THICKNESS DETERMINATION USING LUNAR IRRADIANCE
MEASUREMENTS . . . 5

MEASUREMENT PROCEDURE . . + 6
EQUIPMENT CONFIGURATION . . . 6
DATA REDUCTION . . . 9

FINDINGS . . « 11
RECOMMENDATIONS . . . 11
REFERENCES . . . 34

APPENDIX A: Correction for Using a 45° Angle Field of View Limiter
With a Lambertian Receiver . . . 36

APPENDIX B: Memorandum from NOSC to SETC file, "Zenith Angle Dependence
of Thick Cloud Transmittance," 22 Jan 79 . . . 39

ILLUSTRATIONS

1. Geometry of experiment . . . page 7

2. Experimental apparatus . . . 8




LUNAR IRRADIANCE MEASURFMENTS
RACKGROUND

One of the most serious problems facing the Navy today is that of trans-
ferring information to submarines without affecting their operational capa-
bilities. TIdeally, such a communications connectivity should be available at
all operating speeds and depths, and should not recuire any external receiver
which would compromise the submarine's strategic or tactical function. Until
recently, most attempts at solving this problem have focused on systems that
use the lower end of the electromagnetic spectrum for transmission of the
Aesired information (ie, elf, vlf, etc). The advent of high power ultra-
vinlet-visible lasers has changed this spectral emphasis to include optical
freauencies. In particular, the Navy and the Defense Advanced Research
Projects Agency have been jointlv investiogating the possibility of an optical

solution for strategic communications.1 The intent has been to assess the
practicality and suitability of optical technology to solve the strategic
communications problem. The approach involves detailed analyses and experi-
mentation in the areas of optical engineering, channel characterizations, and

critical camponent technoloay development.1'2 One of the investigations pur-
sued in the channel characterization portion of the program was on the effect
of clouds on short-pulse, optical plane-wave propagation through the atmos-

2,3,

phere.’ This report describes results obtained during one aspect of that
investigation. More specifically, a partial set of inferred integrated
optical thickness values derived from lunar irradiance measurements of the
laser-illuminated cloud layer used in the Downlink Laser Cloud Propagation
Experiment performed in Xauvai, Hawaii, durino August and September 1979 is

3
ronortod.z’

TECHNICAL TNTRODUCTION

When a rlane wave laser pulse is incident on a thick, plane-parallel
cloud laver, the resultant pulse is severely degraded relative to the incident
illnmination profile because of the multiple scattering which occurs within
the cloud. In more certain terms, an initial narrow pulse plane wave will
exit the cloud layer decollimated and attenuated, with the incident pulse

1. Karp, S, A Test Plan for Determining the Feasibility of Optical Satellite
Communications Through Clouds at Visible Frequencies, NOSC T™N 279, 1 July
1872, .

2. Technical Advisor to the Strategic Rlue~Green Optical Communications
Program Joint Coordinating Committee, Naval Rlue-Green Single Pulse Downlink
Propaaation Model, NOSC TR 387, Jan 1979.

3. Technical Advisor to the Strategic Blue~Green Optical Communications
Program Joint Coordinating Committee, Strategic Blue~Green Optical Communica-
tions Program Plan, NOSC Technical Document 269, 16 July 1979,

4. Hostetter, GR, Test Plan May 1, 1979 Downlink Laser Cloud Experiment,
Contract #NND0014-78~C-0716, GTE Sylvania, Inc.
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5,6 .
shape greatly lengthened and disverted.”™ ' The magnitude of these effects

depends on the cloud layer's physical thickness, optical thickness, solar
phase function and rms scatter angle (or, conversely, the average cosine of

7,8 . 8-18 7,19,20
sratterina).z' ‘ Several analytical and Monte Carlo based ' '’ treat-

ments of all or part of the above exist in the literature. Many of the above

have been used in the Navy Single Pulse Downlink Propagation Model2 to simu-
late the channel effects incurred by both the ground-based and space-basel
laser communications concepts being pursued in the Strategic Blue~Green

5. sintts, LB, Closed Form Expression for Optical Pulse Broadening in
Multiple-Scattering Media, Applied Optics, 17, No. 4,504 (1978).

6. Dell-Imagine, RA, A Study of Multiple Scattering of Optical Radiation
with Application to Laser Communications, in Advances in Communication
Systems, vol II, edited by VA BRalakrishnar (Academic, New York, 1966). p 1.
7. Danielson, RE, Moore, DR, and van de Hulst, HC, The Transfer of Visible
Radiation Through Clouds, J. A+mosph. Sci., 26, 1078 (1969).

8. Mooradian, GC, Geller, M, Stotts, LB, Stephens, DH, and Krautwald, RA,
Blue-Green Pulsed Propagation Through Fog, Applied Optics, 18, No. 4, pp
429-441 (1979).

9. Heggestad, HM, Optical Communication Through Multiple Scattering Media,
M.I.T. Technical Report No. 472, 22 November 1978 (unpublished).

10. Bravo-Zhivotovskiy, DM, Delin, LS, Luckmin, AG, and Sarelyev, VA, Struc-
ture of a Narrow Light Beam in-Sea Water, Atmospheric and Oceanic Physics, 5,
Ylo. 2, £ 160-167 (1969) (translated by PA Kaehn).

11. Arnush, D, Underwater Ligh:-Beam Propagation in the Small-Angle-
Scattering Approximation, J. Opt. Soc. Am. 62, No. 9, 1109 (1872).

72. Fante, RL, Propagation of Electromagnetic Waves Through Turbulent Plasma
Usina Transport Theory, IEEE Trans Antenna Propagation, AP-21, pp 750-755
(1973).

13. Ishimaru, A, and Hong, ST, Multiple Scattering Effects on Coherent Band-
width and Pulse Distortion of a Wave Propagating in a Random Distribution of
Particles, Radio Sci. 10, 637 (1975).

14. Hong, ST, and Ishimaru, A, Two Frequency Mutual Coherence Function,
Coherence Bandwidth, and Coherence Time of Millimeter and Optical Waves in
Rain, Foq, and Turbulence, Radio Sci. 11, No. 6,501 (1976).

15. Stotts, LR, The Radiance Produced by Laser Radiation Traversing a
Particulate Multiple-Scattering Medium, J. Opt. &~°c. Am., €7, No. 6, p 815-19
(1977).

16. Ishimaru, A, Theory and Application of Wave Propagation and Scattering in
Random Media, Proceedings of IEEE, 65, No. 7, p 1030-61 (1977).

17. Fried, DL, Propagation of the Mutual Coherence Function for an Infinite
Plane Wave Through a Turbid Medium, Optics Letters, 1, No. 3, p 104-6 (1977).
18, Lutomirski, RF, Atmospheric Degradation of Electro-Optical System

Per formance, Applied Optics, 17, No. 24, p 3915-21 (1978).

19. Plass, GN, and Kattawar, GW, Monte Carlo Calculations of Light Scattering
from Clouds, Applied Optics, 7, No. 3, p 415-1% (1968).

20. PBucher, EA, Propagation Models for Optical Cummunications Through Fog and
Clouds, Proceedings of the National Electronic Conference, vol 29, p 180-185
(1974).




Optical Communications Program. Unfortunately, none of the above have been
experimentally verified. Hence, a technical uncertainty exists in any perfor-
mance estimate produced in the system engineering portion of that program.

To reduce this uncertainty, the program's Joint Coordinating Committee
s . , 3,4 L :
initiated an experimental effort™’ to measure the transmission and multipath

time spread incurred when traversing actual atmospheric clouds.3 The partici-
pants involved in the experiment were GTE Sylvania; HSS, Inc.; and the Naval
Ocean Systems Center (NOSC), with NOSC responsible for the metecrological
characterization portion of the experiment. Because of the importance and
magnitude of the experiments, NOSC felt that an alterrative characterization
of a cloud layer's optical thickness was desirable and that, since inhomo-
geneities in the cloud layers were anticipated, an integrated optical
thickness characterization technique should be employed.

Gary lee, et al, of McDonnell Douglas Corp. suggested that a method using
measured solar radiance levels could be used to infer the cloud's integrated
optical thickness. (See reference 1, appendix B.) This procedure is general
enough to apply to lunar irradiance as well, if lunar properties such as moon
phase, and earth-moon distance are accounted for. The author was tasked to
design the experiment, perform the on-site measurements, reduce the data, and
document the findings. This report provides that documentation.

THEORY OF OPTICAL THICKNESS DETERMINATION
USING LUNAR IRRADIANCE MEASUREMENTS

The amount of radiant energy flux from the moon, as measured on a flat
horizontal surface, depends on the following factors:

21,22
1. Moon phase; a full moon yields the most light.” '

2. The angle of the moon's position relative to the zenith; maximum

21,22
brightness is observed when the moon is directly overhead.” '

3. The earth/moon distance; the light flux is the most intense at lunar

perigee.

4. The matter in the lunar path between the moon and the detector, such
as particulate scattering from absorption and clouds. Variation of
absorption and scattering due to atmospheric changes is to be con-
stant throughout the time the lunar irradiance measurements are
taken.

21. Biberman, IM, Dunkelman, L, Fickett, ML, and Finke, RG, Levels of Noctur~-
nal Illumination, Appendix by D. R. E. Brown, Institute for Defense Analysis
Research, copy 109,200, Contract SO-50, Task T-36.

22. Bond, DS, and Henderson, FP, The Conquest of Darkness, AD 346297, Defense
Documentation Center, Alexandria, VA, July 1963.




Measurement of the lunar irradiance with a clear sky and measurement of
the lunar irradiance with clouds in the light path can be used to determine
the scattering and absorption due to clouds if the moon's phase, the mcon's
position, and earth/moon distance are properly accounted for. The difference
between these two irradiance measurements is the essence of the experiment.
An in depth discussion of the theory and method are presented in reference 1.

The chief advantage of this method of determining optical thickness is
that a spatially averaged value of irradiance is obtained. Thus, if the
receiver field of view contained some patchy clouds and some clear sky, the
value of irradiance observed would be approximately equal to what one would
see if the visible cloud material (of sufficient thickness) had been equally
distributed over the entire field of view. This will not work for clouds
whose optical thickness is less than about 20, because the method relies on

.7 . . .
the van de Hulst equation to derive 1t from a transmission value.

MEASUREMENT PROCEDURE

Values of lunar irradiance were obtained utilizing the following proce-
dure:

The irradiance receiver was mounted on a tripod, exposed to the lunar sky
with a zenith orientation. Values of lunar irradiance were monitored at
various times throughout the night, as was the position of the moon at the
time of each measurement. The values obtained were used in conjunction with
the theory to normalize the observed irradiance measurements for cloudy
conditions relative to those taken under clear sky conditions.

Simultaneous with the lunar irradiance measurements were measurements of
direct laser pulse propagation through clouds. The laser was mounted on an
aircraft and pulsed at 10 Hz. The aircraft was flown above the clouds and
over the test site. The position of the aircraft was monitored continuously

throughout the aircraft fly bys.

Figure 1 indicates the geometry of both the aircraft laser and the lunar
irradiance measurements. The laser beam was spread upon exit from the air-
craft and further dispersed by the clouds so that any laser light indicating
the irradiance receiver was neagliagible and not detectable above the moonlight
background.

Measurements were taken for the laser experiment during the last week of
August and the first three weeks of Septemher 1979. Lunar irradiance measure-
ments were made between 5 September and 12 September 1979, These experiments
were conducted simultaneously on the Island of Kauvai on Hawaii.

EQUIPMENT CONFIGURATION

The irradiance receiver consisted of an RCA 4517 photomultiplier tube, a
high-voltage power supply, and a preamplifier buffer mounted in a waterproof
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housing.23 In addition, a 45° field of view limiter, a diffuser, and a
Wratten filter were employed on the receiver. The purpose of the diffuser was
to randomize the direction of the incaming light rays by scattering and thus
to provide a spatially averaged effect. Figure 2 shows the apparatus along
with the other electronic equipment.

v 45

45 FIELD

OF VIEW

LIMITER DIFFUSER
=60 FILTER

RCA 4517
PHOTO-
MULTIPLIER
TUBE

HIGH DIGITAL VOLTAGE LOG
VOLTAGE DISPLAY AND STRIP CHART
POWER CONTROL UNIT 1 RECORDER
SUPPLY
BUFFER

Figqure 2. Experimental apparatus.

The 45° field of view limitation was used to occlude any stray light
originating from city street lights or automotive headlights. Thus, the
measurement was not one of irradiance in the strict sense of the definition
which requires a 180° field of view. Therefore, a factor of 2 must be applied
to all voltage measurements representing cloud attenuated lunar irradiance
levels. This is the coefficient which appears in equation 5. Details of the
derivation can be found in appendix A.

The detector's response was calibrated over the entire dynamic range of
its operation using a standard lamp type P-101 Electro Optics Associates, and
was found to be linear. This calibration was done in the laboratory with
neutral density filters of varying strengths before the field experiments were
begun.

Data acquisition in the field was accomplished by reading the digital
voltage display on the control unit and simultaneously storing the base 10 log
using a strip chart recorder. The time and laser position (fig 1) of each
measurement were noted in order to concurrently correlate the results with
those of the other experiments. The moon's angle of elevation was also
monitored to the nearest degree.

23. Smith, RC, An Underwater Spectral Irradiance Collector, J. of Marine
Res., 27, 341, 1969.




DATA REDUCTION

The method of obtaining a transmission value consisted of recording the
voltage, V1 (which is proportional to irradiance, during conditions of cloud

cover), with the axis of the detector pointed at the zenith (figure 1).

A standard reference voltage, Vo(1) at a zenith angle of ¢R was recorded

on 1 September 1979, when the moon was observed in a totally clear sky. The
presence of clouds in the detector's field-of-view during a calibration
measurement would cause scattered light, in addition to the direct moonlight
beam, to enter the detector and thus would lead to an erroneously high value
for the reference irradiance.

In order to use this reference value to calculate transmissions from
irradiance data acquired on subsequent nights, it is necessary to correct it
for changes in moon phase, moon zenith angle, and earth-moon distance. These
corrections are summarized in equation (1).

P(N)Z(¢) D(N)
P(1)Z(¢R)D(1)

Vo(N) = Vo(1)

In equation (1) VO(N) is the voltage to be used as a reference on night
N, where N is the day in the month of September in this case. VO(N) is

proportional to the irradiance which would have been observed from the moon if
the sky had been totally free of clouds. P(N) is a factor influencing the
irradiance which depends upon the phase of the moon on a given night, N.
P(N)=P(6)=1.0 for a full moon, which in this case occurred on 9/6/79. When no
moon appears in the sky, P(N)=0. On the other nights, the lunar irradiance
will he a fraction of that of the full moon, measurements of which are de-

tailed elsewhere in the literature.

Two least square polynomial fits to these data are given by equations (2)
and (3).

-2 2
P_(N) = 10.1787 1.5813 (N + 31) + 9.2956 x 10 (N + 31)

9

-3 3 -5 4
-2.4A18 x 10 (N + 31) 4+ 2.4894 x 10 (N + 31) ; (2)

3 2 1 2
-2.6579 x 107 + 2.6784 x 10 (N + 31) - 1.0052 x 10 (N + 31)

+1.6733 x 10-1 (N + 31)3 - 1.0416 x 10_3 (N + 31)2 (3)

P,(N)

i

N is egual to the day in the month of September when a given experiment was
performed. Equation (2) is valid when the moon is waxing, in this case
between 9/1/79 and 9/6/79; whereas, equation (3) applies during the time
period between 9/7/79 and 9/12/79, when the moon was waning.




Z($) is proportional to the irradiance measured on a horizontal surface
at a given zenith angle, ¢. Because, to a very good first approximation, the
spectral distribution of reflected light from the moon is equal to that
emitted fraom the sun, solar data can be used for 7Z(¢) for applications where a

22

ratio Z(®1)/Z(¢2) is implemented. 7(%) is given by:
b n 2
Toa(Z($)) = 2.86R5 + 1.9834 (5 - ¢) - 1.0785 (= - ¢)
41,7002 x 107 (% - 4:)3 + 1,2478 x 10 ° (% - ®)4 (4)

and is most accurate for zenith angles between 0 and 47 dearees, with ¢ in
units of radians. The data for which this expression is a fit were als=o taken

21
from the literature.

D(N) expresses the chanae in illumination resultina from the variation in

the earth/moon distance. At the lunar pericee, the moonliaght is 0,26 times
22
briabter than at the apoaee.’

The transmissions were obtained by normalizing the corrected voltaae
readings for the cloud experiments with the V (N} computed from eaquation (2).
o

2vi
T v o(N) (%)
O

where T = transmission. Values of 1, the optical thickness, can then be com=-

. , 7
puted usinag an eaquation Aue to van de Hulst ard later improved at NOSC to be
more accurate at large zenith anales.

Ald )
i

TS TTaooer 11.36A (6)

Here <cos 0>, the average cosine of the scattering angle, has been taken to he
P.B75%. ¢ is the zenith anale orf the moon, in radians. (See appendix R.)

2 3
A(&i) = 1.9 ~ 58513 ®j + 2.7173 ®i - £.0066A @j + 7.1446 @.4
1
(7)

- S 6
- 3.4249 ¢i + N.AR1I85 @i

10




FINDINGS

The findings are in accordance with the preceding analysis. Transmission
values are given in tables 1 through S§. The inferred values of 1 for the
reduced measurement data are listed in tables & through 10.

The values are tabulated by GTE Sylvania run number and position. The
run number refers to the value assigned to a particular overflight of the air-
craft containina the laser and is used as standard indicator for correlation
between the various experiments conducted at Kauai. Laser position is that
indicated in fiqure 1.

No reliable data were obtained during conditions of rain and clear sky,
except for the reference, Seme run numbhers are therefore omitted when there
were clouds in the sky surroundina a clear path hetween the moon and the
detector. The data for these particular cases are not valid, for reasons
mentioned in the previous section and have also been omitted.

values of 1, below 20, are rrobahly not very accurate because those
~louds we ohserved Aurina the indicated time period were too thin to he
Adequately described by the van de Hulst eaquation, which operates in the
Aiffusion reaime. Altbouabh this is the case, values of optical thickness
ahove 1 are listed for the purpose of camparina these results to numbers for 1
inferred from the data obtained in concurrent exyperiments.

The wide ranae of values obtained for the optical thicknesses in tahles @
throuah 10 reflects the wide variety of clouds observed over the test site.
Similarly, the variation of optical thickness within a sinale run also re-
flerts the rapidly chanaina and dynamic behavior of the clouds we encountered.

Measurements ohtained when the mcon was full, or near full, are more
reliabhle than trose acouired on rniakbts with a lesser deqgree of lunar
illumination.

There is a random error of about 59 on each value of the optical thick-
ness.  The backaround radiation from tre niabt sky and stars was nealected, as
were eoffects oriainating from changes in the absorption of the atmosphere from
day to dav. This is expected to be a fairly anod assumption because there is
not much atmosphere ahsorption in the spectral reaion of 530 nm. Also nealec-
tod was +the verv small rhanae in moon phase over the course of one night's
data acauisition. The cosine of the scattering angle was assumed to take the
value of 0,875 (reference 7 and appendix R).

RECOMMENDATTONS

The results presented in tables 1 throuagh 10 are for only one method of
measurement transmission and optical thickness of clouds. To determine if
this is an appropriate method of measurina integrated optical thickness of
clonds, the results should be compared with other measurements and postulated
theory for cloud optical thickness. Hence, the following recommendations are
made .

11




1. Compare optical thickness values measured by this method to those
obtained simultaneously from the Knollenberg particle size spectrometer during
the blue-green laser cloud propagation experiments performed on Kauai, HI from

4
13 Auqust through 21 September 1979, 23

2. Correlate the multipath time spread calculated from the inferred
optical thicknesses of this method with those simultaneous pulse stretching
results to be contained in the final report of the Downlink Laser Cloud
Propagation Experiment. Several models for multipath time spreading (eq,
references 2 and 5) currently exist for the comparison.

3. Compare pulse shapes predicted by Monte Carlo computer simulation
calculations on photons transmitted through clouds to pulse shapes predicted
by the present values of optical thickness and transmission.

12
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APPENDIX A

CORRECTION FOR USING A 45° ANGLE FIELD OF VIEW LIMITER WITH A LAMBERTIAN
RECEIVER.

In the case of measurements with clouds, the irradiance intensity
incident upon the horizontal surface of the collector is peaked along the
vertical direction with a cos 6 dependence for the intensity of light rays

whose orientation differs from the zenith by an angle of 8.

CLOUD

TRANSMITTED) -

LIGHT 9 45° FIELD OF

RAYS le=;z(cose) VIEW LIMITER
'z

X —{ COLLECTOR

Figure A-1.

The total amount of integrated intensity, I(OL) received at the collector
is proportional to:

)
2w L

I (6)a / f cos 6 sin 6 46 d¢ (A=1)

0 0
The solid angle is accounted for by the integration over sin 6 d8 d¢,
where ¢ is the azimuthal angle, OL is the angle of the field of view limiter

when measured from the normal.
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Note that it is not necessary to normalize the irradiance measurements
because a ratio between I(7m/2) and I(7n/4) would cause any factors common to
both to cancel out. However, a constant of proportionality equal to 1/7 is
anpropriate in order for the integrated irradiance valuve to eocual 1 in the
case when no field of view limiter is present.

L

2 —_—
"2
T (%)=% // cas f sin e da do = 1 (A=2)
0 0

The cloud is assumed to subtend the field of view in this analysis
although, in the experimental case, the irradiance values obtained represent
an average of the sky over the field of view.

Next, we evaluate the inteagral in (A-1) for the unobrtructed case, with

GL = n/2 and then for the experimental case when eL = n/4.
8
I
1 (@L) a 2m f cos 8 sin f A48 (A-3)
n
. 2e
fcos p sin A 4 8 = Sl; (A-4)

Therefore:

T () = (A-5)
and
"
1 (Z) = 0,500 7w (A-6)
I (%)
=2 (A-7)
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Thus the 45° field of view limiter is seen to occlude half of the light
transmitted through the clouds and, as a result, a factor of 2 is obtained for

correcting the experimental voltage data (which are proportional to

irradiance).




Y

APPENDIX B
LBS:sd
Ser 811,24
22 January 1979

MEMORANDUM

From: Code 8114
To: SETC File
Via: Code 811

Subj: Zenith Angle Dependence of Thick Cloud Transmittance

Ret:  (a) L. B. Stotts, “Technical Comments on the Single Pulse Downlink Propagation
Model Portion at the Third Interim OSCAR Report,” NOSC MEMO Ser 811560,
dtd 2 Junuary [979.

(by R.E.Dunicison. D. K. Moore and H. C. van de Hulst, “The Transter of Visible
Radiation Through Clouds.”™ J. Aunos. Sci.. 26, No. 9, pp. 1078-87 (1969).

(¢)  E. A, Bucher, “"Computer Simulation ot Light Pulse Propagation for Communi-
cations Through Thick Clouds.” Applicd Optics. 12.No. 10, pp. 2391-2400
(1973).

(d) F.A.Graybill. An Introduction to Linear Statistical Models, McGraw-Hill. New
York., 1961, Volume 1.

1. The purposce of this memorandum is 1o propose a new functional dependence on zenitn
angle for thick cloud transmittance. In particular, the author proposes that the thick cloud
transmittance in the Navy Single Downlink Propagation Model be given by

ToaA (g ). (hH
wlere
()_
Algd = 1 a; ¢SJ
=0
d() = 1.69
ap = -0.5513
ay = 27173
a3y = -0.98606
ag = -3.4249
4, = 0.6155

rather than by 7.« (cos ¢S)0'5 (ref (a)).
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2. The zenith angle dependence of thick cloud transmittance has been modeled by Danielson
et al (ref (b)) using radiative transfer techniques and reconfirmed by Bucher (ref (¢)) using
Monte Carlo simulation.

It was noted in reterence (a) that the (cos «;75)()'S dependence for cloud transmittance now used
in the Navy Downlink Propagation Model breaks down for zenith angles greater than 84°.
Using a triangular tactorization (least-square fit: ret () of the X'X matrix composed of the
tabular results given in reference (b), the author obtained the tollowing polynomial expression
tor the zenith angle dependence of thick cloud transmittance:

6
Algy) = l u)wpsj (3)
i=0
with

a9 T 1.69
ap = -0.5513
as» = 27173
u; = -6.98060
ag = 7.1445
ag T -34249
4y 0.6155

Figure B-1is a plot of Algy) and the van de Hulst'Bucher resalts as a function ot incident
zenith angle. Itis apparent that Atg ) 1s a good approximation ot the van de Hulst/Bucher
results over the range hetween 07 and 907, It is recommended that this expression be adopted
in the Navy Single Pulse Downlink Propagation Model.

3. Any questions on the above should be directed to L. B. Stotts, Code 8114, XO6RSS,

c,/‘/L./E.ﬁo'r"rs
Copies to:

&1

S1R

8105 (K. Kelley)

8114 (G, C. Mooradian, R. D. Anderson, M. Geller, D. H. Stephens)

532 ¢J. Richter, H. G, Hughes)
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A (ANGLE OF INCIDENCE)
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figure B-1. Zeaith angle dependence of thick cloud transmittance.
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